(the mass required to give a signal of 0.0044A . s) was 28 pg, the limit of detection 11 ng/L, the limit of quantification 17 ng/L, and the total imprecision (CV) 5 In human beings as well as in higher animals, vanadium (V) is an ultratrace element; at physiological pH, it exists in anionic and cationic forms, the most common ones being vanadate (H2V04) and vanadyb (VO2). Despite its toxicity at higher concentrations, V is assumed to be an essential element for mammalian organisms [1, 2] . Vanadium in pharmacological doses has been found to influence ATPases [3, 4] , diuretic function of the kidneys [5] , beukocyte and macrophage metabolism [6, 7] , and cardiac muscle function [8] and to have insulinlike effects [9] . An overview on the acute and chronic effects of vanadium exposure in humans has been given by Schalber and Triebig [10] .
Because vanadium is present in serum and in human tissues in extremely low concentrations [2, 11] , highly reliable analytical methods are required for its determination. Several methods for this have been described [12] . Currently, two procedures predominate, one based on electrothermal atomic absorption spectrometry (ETAAS) and the other on neutron activation analysis (NAA).' The latter technique, even with modifications, e.g., preirradiation separation and postirradiation radiochemical separation, is restricted to nuclear research institutes, uses relatively large amounts of sample material [11, 13, 14] , and is subject to contamination or interferences [15-1 7] . Additionally, the handling of radioactive substances and disposal of their wastes must be taken into account.
ETAAS, however, although widely used to determine other trace elements, has been only sporadically applied to determinations of toxic or naturally occurring vanadium in human serum. Recent reports on vanadium determinationsin serum have been unconvincing for several reasons. Either the reference ranges reported seemed to be too high or serum values <80 ng/L were not detectable with ETAAS (Table 1) . Indeed, until now, no furnace method has reported reference values within the order of magnitude of those determined by NAA procedures, for example, the NAA results reported in the highly respected paper of Cornelis et al. [11] .
We 
SAMPLE PREPARATION
Lyophilization. We pipetted5 mL of serum into a 70-mL quartz tube and freeze-dried the sample at -46 #{176}C. Lyophilization was complete within 19 h.
Digestion. We used the digestion procedure of Schramel et al.
[27], adding 5 mL of nitric acid, 0.62 5 mL of perchboric acid, and 0.12 5 mL of sulfuric acid to each lyophilized sample. The vessels were tightly closed with a quartz bid covering The highest specific signal as well as the lowest blank signal could be achieved with a wavelength of 318.4 nm and a slit width of 0.5 nm. Use of this wavelength is in agreement with others [18, 22, 30] .
Ashing and atomization temperature. To determine the optimized conditions for the furnace program, we performed ashing and atomizationstudies( Fig.1) with aqueous vanadium standards, with preinjecting the palladium modifier. As can be seen from the ashing curve, the vanadium signal increases with ashing temperatures up to 1500 #{176}C and thereafter begins to decline. The recommended maximum ashing temperature is thus 1500 #{176}C.
Although the atomization curve increased continuously without pbateauing, even at 3000 #{176}C, the temperature limit of the graphite tube, we chose to use 2800 #{176}C because of the shortened tube lifetime at higher temperatures.
The maximum heating rate (ramp rate) was 2000 #{176}C/s. Modifiers are abbe to (a) shift the atomization temperature to a higher or lower value, (b) permit a higher ashing temperature, and (c) improve analytical sensitivity.
ModfIer
Palladium is one of the most frequently used modifiers, and we evaluated the effect of a 2.76 mmoVL palladium nitrate solution as a modifier on the vanadium signal. The modifier solution (20 j.tL) was injected into the furnace and dried, followed by injection of 40 L of an aqueous vanadium solution (2 .tg/L); this procedure was repeated five times. For comparison we performed the same procedure with water instead of the vanadium solution. Preinjection and drying of the modifier resulted in an enhanced and undisturbed vanadium signal (Fig. 2b ) with a peak shape markedly sharper than the peaks without preapplied modifiers ( Fig.   2a) . At the same time the area under the peak was enhanced, which also increased the analytical sensitivity. Temperature ('C) graphite furnace. Preinjection of a palladium modifier is also known to significantly reduce carbon build-up (but not carbide formation) in the graphite tube when biologicalmatrices are injected [32] . Manning and Slavin [33] improved the absorbance signal by introducing a cool-down procedure into the furnace program. By inserting a cooling ramp before the atomization step, allowing the graphite furnace to cool down to as low as 400 #{176}C (see Table 2 ), we also found an additional increase of the absorbance value (Fig. 2c) , but not so marked as that reported by Manning and Slavin. The combined use of modifier and cooling ramp additionally improved the peak shape (Fig. 2d) . The signal areas increased by 6% for cooling alone, 16% for modifier alone, and 22% for cooling and modifier combined. This is of interest because, although palladium has been a very effective modifier for several elements [31] , until now its application to determination of vanadium has been restricted to measurements in urine; e.g., a modifier of palladium, magnesium, and fluoride increased the signal of vanadium in urine [34] . Although the determination of vanadium in serum has not previously been noted to benefit from this type of treatment, our results support the use of a palladium modifier.
To further improve atomization, we retarded the injection rate and preheated the furnace to 90 #{176}C to accelerate sample drying but without spattering; as a result, the sample occupies a smaller surface area in the graphite tube, which possibly leads to more efficient atomization [35] . Quantification of vanadium could be further improved by dissolvingthe vanadium-cupferron complex with formic acid after evaporation of the organic MIBK extract to dryness. This step became necessary because creeping of the solution could be observed in the course of multiple(6 X 40 j.L) injections of the MIBK extract. The use of different preheating temperatures did not stop this drift. Moreover, the tendency of evaporation to concentrate the extracts in the sample cups in assays of longer series (10% per hour at 28 #{176}C) was a further drawback of using MIBK extracts directly instead of redissolving them in formic acid.
Hoffmann [36] also noted this drawback and reported experiments to avoid sample evaporation by using homemade injection capillaries and closed sample cups. Unfortunately, systems for automated sample injection from closed sample cups, as in (e.g.) HPLC, are not commercially available. Ishida et al. [24] used concentrated acetic acid to dissolve the vanadium complex used in their assay. However, we found this acid less suited for the vanadium-cupferron complex than was formic acid. With acetic acid, the peak shape was less narrow and was more skewed on the left and right. In contrast, vanadium-cupferron in formic acid yielded peaks that were identical to those for aqueous standard solutions. N-Benzoyl-o-tolybhydroxybamine, used by Ishida et al. [24] , isalsolesssuitable for traceamounts because a portion of the vanadium complex is soaked into the carbon tube and the necessarysensitivity cannot be obtained [18] .
8-Hydroxyqumnobmne,used by Bermejo-Barrera eta!. [37] ,has an optimum pH range at 2.8-3.2; thus the volume of ammonia solution required for pH adjustment of the digest would markedly increase the volume to be extracted in comparison with that required for the use of cupferron with its lower pH optimum. Besides, these authors obtained a rather high detection limit for vanadium, 160 ng/L. The N-cmnnamoyl-N-2,3-xylybhydroxylamine used by Ishizaki and Ueno [18] is not commercially available. Moreover, their results required the vanadium to be kept in the quinquevalent state, because vanadium(1V) did not react with this reagent. In their sample preparation procedure, the vanadium had to be extracted within 2 mm after addition of the acid; otherwise, vanadium(V) was partially reduced to vanadium(lV). The sensitivity they obtained fora signalof 0.010 A was 2 g/L, which is not sufficient to determine nanogram concentrations of vanadium.
Buchet et al. [38] compared the chelating agents cupferron, 5,7-dichloro-8-quinobinol (dichloroxine), and 1-pyrrolidine carbodithionatefor measuring vanadium concentrationsin urine. The pyrrobidine gave an unstable complex, and recovery with dichboroxinewas incomplete; complete recovery was obtained only with cupferron. Comparisons of cupferron with other chelators also displayed its good extraction efficiency and precision [39] . were injected into the graphite tube of the ETAAS as described above.We found the optimal pH to be in the range 1.5-2.5( For maximum extraction, one must adjust the pH of not only the digest but also the complexing reagent.After examining several different acidsof low mobarityto reduce the high alkaline pH of the cupferronsolution, we selected 0.15 mob/L nitric acid. The complexing reagent isalways freshlyprepared by diluting 128.8 mmollL cupferron solution (warmed to 40 #{176}C) with an equal volume of 0.15 mol/L nitric acid. The pH of this combined reagent is 2.0, so that after adding 0.25 mL of it to -1.5 mL of the sample, the pH remains in the optimal range for forming the vanadium-cupferron complex.
To investigate the extraction rate, we successively extracted 2 and 2.7 mL of a 1 ig/L aqueous vanadium standard three times with 0.5 mL of MIBK afterpH adjustment and complexation with cupferron. The recovery rates of the first extraction were 92.3% and 93.1%, respectively. The ratesof the second extrac- [24, 33] .
The LOD was determined to be 11 ng/L (2.64 pg in the graphite tube); the LOQ was 17 ng/L (4.1 pg within the graphite tube). As mentioned above, we calculated LOD and LOQ according to Funk et ab. [29] . This procedure has the advantage over that of Kaiser [40] by using 95% confidence intervals. This featureisespecially important for determining very low serum concentrationsof vanadium, i.e., near the LOD and LOQ. To determine whether serum vanadium concentrations could be calculated by comparison with a vanadium standard prepared in formic acid, we calculated the slope for a standard-addition curve prepared from data for 10 serum samples supplemented with increasing amounts of vanadium and compared the result with the slope for 10 standards in formic acid at the same concentrations.
Various volumes (0.1-1 mL, in 0.1 -mL increments) of an aqueous vanadium solution (5 g/L)
were added to 5-mL samples of serum and formic acid, respectively. The serum samples as well as the matrix-free standard solutions were submitted to the complete assay procedure. By unpaired Student's t-test, the null hypothesis (i.e., that the two slopes are equal) could not be rejected (a = 0.99); therefore, a matrix effect could be excluded. (Table 1) . Comparison of these data with our results shows that vanadium values in serum determined with the method we present are distinctly bower and fall within a much narrower range. We were able for the first time to reliably determine by ETAAS vanadium concentrations in human sera as low as 17 ng/L. As for vanadium reference values obtained by NAA (Table 1) , our results confirm the very bow values reported by Cornelis et al. [11] for men (range 24-939 ng/L) and women (median 31 ng/L, range 16-139 ng/L) as webb as the concentrations for both sexes (median 56 ng/L, range 32-95 ng/L) found by Kucera et al. [26] . The values reported by other investigators using NAA and cited by others in reviews [2, 11, 26, 41] 
